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INTRODUCTION
A polymer is a large molecule built up by the repetition of small, simple
chemical units called monomers.^ In some cases the repetition is linear while in
other cases, the polymer chains are branched or interconnected to form three
2
dimensional networks.
When polymers are composed of identical units (with exclusion of terminal
groups), they are called homopolymers, while a polymeric chain comprising more
than one type of repeating unit is called a copolymer. If a polymer (except a
homopolymer) is utilized in producing a copolymer, the polymer is termed a
prepolymer.
3There are four types of copolymer:
I. Random Copolymer; In random copolymers, the repeat units are
randomly distributed along the polymer backbone. Ex;
A-A-B-B-B-A-A-B-A-B-A
II. Alternating Copolymer; In alternating copolymers, the repeat units are
located in alternating positions along the backbone. Ex;
* ' A—B—A—B--A—B-^"A-i-B—A—B ' ^




IV. Graft Copolymer; Branches containing one repeat unit are attached to







There are two major types of polymerization methods used to convert small
molecules (monomers) into polymers. In the early period of polymer chemistry,
these methods were often referred to as addition and condensation
polymerization. However, addition polymerization is now called the chain
reaction polymerization mechanism while condensation polymerization is now
referred to as the step reaction polymerization mechanism. The major difference
between these two methods depends on the kinetics of the polymerization
reactions. - ' , . .
The mechanism of chain reaction polymerization consists of three distinct
steps: the initiation step, the propagation step and the termination step. In the
initiation an "active species" is formed. The "active species", can be a free
radical, cation or anionic species which then initiates polymerization by adding to
the monomer's carbon-carbon double bond. The initial monomer becomes the first
repeat unit in the incipient polymer chain. The process occurs in such a manner
3
that another free radical, anion or cation is generated and the additon process
continues until the reaction is terminated by the reaction of two growing chains or
by spontaneous decomposition of the active site. In condensation polymerization,
also known as polycondensation or step growth polymerization, polymers are
produced through the chemical linkage of two bifunctional or polyfunctional
molecules, with the elimination of a low-molecular weight by-product (e.g., water,
alcohol, hydrogen chloride). A difunctional monomer or equal molar amounts of
two different difunctional monomers are necessary in order to form a linear high
molecular weight polymer. In this case, two monomers react to form a dimer and
a dimer reacts with a monomer to form a trimer. Two dimers react to form a
tetramer and so on. The bifunctionality of the monomers ensures the synthesis of
a high molecular weight polymer. There are three conditions for step-growth
polymerization to yield a high molecular weight polymer;
1. a {perfect stoichiometric balance of the two difunctional
monomers,
2. a high degree of monomer and reaction medium purity,
3. absence of side reactions. ' '
There is also another class of polymers'which are termed condensation poly¬
mers but their method of preparation does not proceed like a true condensation
reaction (step-growth reaction). The method involves an addition process whereby
a hydrogen is transferred. An example of this is the additon of a diol to a diiso¬
cyanate to form a polyurethane.
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The preparation of polyesters can be achieved by polycondensation of
hydroxy acids, polycondensation of diols with dicarboxylic acids or dimethyl
esters, polycondensation of diols with diacid halides and ring opening polymeriza¬
tion of cyclic esters (lactones). In our work, diols and diacid chlorides were used
for the syntheses of the two polyesters because they are the most reactive
intermediates for polyester formation. However, the synthesis of a polyester by
direct reaction of a diacid and a diol generally requires high temperatures.^
Thermal methods of analysis have become routine in polymer characteriza¬
tion, allowing investigators in research, development and applications to scan the
effects of temperature on processes without the attendant labor of repetitive
isothermal examinations. It has, in this regard, become possible to subject any
condition of matter to thermal analysis experiment and, by appropriate designs of
equipment and choice of conditions, the desired information can be produced from
a Differential Thermal Analysis (DTA), Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA) or similar experiment. Thus, thermal analysis
possesses much more flexibility with respect to the sample than many investiga¬
tive procedures^
The differential scanning calorimetry technique provides a measurement of
the rate, magnitude, and temperature at which chemical or physical changes occur
in a substance or system during programmed heating or cooling. It had its origin
in classical DTA whereby the differential temperature between sample and
reference is plotted against the temperature of the sample at linearly increasing
temperature. In DSC, however, the differential power input between the sample
and the reference, which is directly proportional to the energy involved in a
thermal transition, is plotted against the temperature of the sample.
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Differential scanning calorimetry either alone or used in conjunction with
some additional thermal or other technique such as infrared spectroscopy, can
provide valuable information on polymeric materials.^
The research program in our laboratories centers primarily on preparation
and characterization of liquid crystalline polymers and block copolymers.
Polymers of this nature have attracted considerable interest in recent years
because they shed light on theories of macromolecular and supramolecular
structures and organization,^ and they appear to play an important role in the
g
process and fabrication of ultrahigh-strength polymeric materials.
EXPERIMENTAL
Purification of Starting Materials. The starting materials (the diols and diacid
chlorides) were purchased from Aldrich Chemical Company, and were purified by
solvent recrystallization. The terephthaloyl chloride was recrystallized from dry
hexane, m.p. 81-88°. This was achieved by dissolving 100 g of terephthaloyl
chloride in 700 ml of dry hexane. The mixture was refluxed for 5J4 hr to ensure
complete dissolution. The refluxed solution was allowed to cool overnight after
which it was filtered into a round bottomed flask whfere crystallization slowly
occured. The isophthaloyl chloride was purified in the same way.
The 2-methylresorcinol was purified by recrystallizing three times from
deoxygenated water. The solvent used in the synthesis was o-dichlorobenzene
which was purified and dried by fractional distillation over calcium hydride, b.p.
180°.
Preparation of Poly(2-methyl-l,3-phenylene terephthalate). Terephthaloyl chlo¬
ride (20.3 g, 0.10 mole) dissolved in 150 ml of dry o-dichlorobenzene was added to
a 500 ml round bottom, three-necked fla^k ^juipped with a nitrogen inlet, a mag-
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netic stirrer, a condenser, a thermometer, and a potassium hydroxide trap. The
stirred solution was heated to 65°. To the solution was added 12.4 g (0.10 mole) of
2-methylresorcinol. The temperature was then brought up to 100° while the
reactor was constantly purged with a stream of nitrogen gas. The temperature
was maintained at 100° for about an hour to allow time for liberation of hydrogen
6
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chloride (HCl) gas which escaped into a jar of cold water through a rubber tube
connected to the condenser.
The solution was reflux'ed for 5)4 hr and allowed to stand for 24 hr. To the
cooled solution was added 40 ml of hexane which permitted the precipitation of
light yellowish crystals. The precipitation was allowed to continue for 48 hr to
make sure that the precipitation was complete. The crystals were washed with
water and hexane, isolated, and dried in vacuo overnight; 9.6 g (37.8% yield), of
poly(2-methyl-l,3-phenylene terephthalate), was obtained.
Preparation of Poly(2-methvl-l,3-phenylene isophthalate). Poly(2-methyl-l,3-
phenylene isophthalate) was prepared in a similar manner as described above for
the preparation of poly(2-methyl-l,3-phenylene terephthalate). The amounts of
the starting materials (monomers) were the same as described for poly(2-methyl-
1,3-phenylene terephthalate). The reaction was terminated after refluxing for 5)4
hr. The mixture was allowed to stand for 24 hr. To it was added 40 ml of hexane
which allowed precipitation of a greyish mass which solidified later. This was
washed four times with hexane and four times with water, and dried in vacuo
overnight; 11.01 g (43.30% yield) of poly(2-methyl-l,3-isophthalate was obtained.
Inherent Viscosity. The inherent visco’sity number for poly(2-methyl-l,3-
phenylene isophthalate) was determined at a temperature of 30° at a
concentration of 0.50 g/dL polymer in o-chlorophenol with a Cannon-Fenske
Viscometer. The result obtained was reported in deciliters per gram.
Inherent viscosity, = 2.303 log (
where
^inh “ inherent viscosity
rij.g| = relative viscosity
c = concentration of the solution
Spectroscopic Technique. The infrared spectra were obtained on KBr disks on a
Beckman 4240 spectrophotometer and the relevant peaks were identified.
Calorimetric Techniques. The melting temperatures (T^) and the glass transition
temperatures (T ) were determined by using the DuPont 990 Thermal Analyzer
O
which controls the DuPont 910 Differential Scanning Calorimeter.
Before any calorimetric determinations on our polymers, the instrument was
temperature calibrated with indium, melting point 156.6°. All other measure¬
ments involving the polymers were made at a programmed rate of 20° per min
with sensitivities of 5-50 mv/cm.
Since sample size affects calorimetric results, our samples were kept to a
maximum of 10 mg and a minimum of 5.mg.; These samples were encapsulated in
V. »
hermetically sealed aluminum pans.
Optical Microscopy. For all the polyesters, polyamides and the block copolymers
studied in this research program, a solution of each was prepared by dissolving
small amounts of the sample in appropriate solvents. For polyamide and block
copolyamides, the solvent was N-dimethylacetamide and lithium chloride. The
lithium chloride was present to aid the dissolution of the polyamide in N-
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dimethylacetamide. For polyesters and block copolyesters, the solvent was o-
chlorophenol. Thin layers of the solutions on a microslide were viewed under
polarized light at 100 X - 400 X magnification. All observations were made using
the photomicroscope model AUS Jena Amplival Pol. D (see Fig.l).
Fig. 1. Mesomorphic structure in a 25% solution of VII B in o-chlorophenol at
room temperature. Original magnification 508 X.
RESULTS AND DISCUSSION
Synthesis of High Molecular'Weight Poly (2-MethyI-lt3-PhenyIene Terephthalate)
and Poly(2-Methyl-l,3-Phenylene Isophthalate). In polyesterification processes
inyolving a diacid chloride, moisture should be avoided as much as possible when
the condensation takes place through acid chloride end groups; otherwise
hydrolysis of the acid chloride to yield a free acid would result in reduction of the
chain length. Also, it is important to eliminate the HCl by-product during the
condensation reaction. Failure to eliminate the HCl would decrease the
polymerization rate, resulting in a low molecular weight product.
The syntheses were carried out under a dry nitrogen atmosphere at a
temperature of 100-110° in order to exclude moisture. Nitrogen gas was also
used to help drive off the byproduct (HCl) to prevent it from accumulating in the
system. Since our goal was to maximize the molecular weight of the aromatic
polyesters, equal numbers of moles of the monomers (0.10) were used in the
syntheses. The amount of poly(2-methyl-l,3-phenylene terephthalate) obtained
was 9.6 g (37.8% yield), and the amount of poly(2-methyl-l,3-phenylene
isophthalate) obtained was 11.01 g (43.31% yield).
*»
. • •• *
' i
Viscosity Measurements. The inherent viscosity number for poly(2-methyl-l,3-
phenylene isophthalate was 0.53 dL/g. This shows an increase in inherent
viscosity compared to the same polymer I AR synthesized earlier with an inherent
viscosity of 0.21 dL/g (see Table 1). Poly(2-methyl-l,3-phenylene terephthalate)
was insoluble in o-chlorophenol/phenol even at elevated temperatures. The
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Table 1. Inherent Viscosity Numbers for the Isolated Polymers.
Code Names m-cresol o-chlorophenol CH2CI2/CF2CO2H (3:1)
I AR, poly(2-methyl-l,3-
phenylene isophthalate) ' 0.21 0.21 —
II AR, poly(l,4-phenylene.t /
terephthalate) 0.51 — ’ 0.49
III AR, poly(methyl-phehylene
terephthalate) 0.56 0.49 —
VII AR, poIy(2-methyl-l ,3-
phenylene terephthalate) — 0,56 0.58
III AL, poly(trans-l ,4-
cyclohexylene-trans-



















































Code Names m-cresol o-chlorophenol H2S0^
AH I, poly(trans-l,4-
cyclohexylene-trans-1,4-
cyclohexanedicarboxamide) :— 0.25 —
ARO I, poly(l,3-phenylepe /






inherent viscosity numbers for most of the polymers studied in this research are
shown in Table 1. All were obtained at a temperature of 30° with a concentration
of 0.50 g/dL unless otherwise specified.
Infrared Analysis. The infrared spectrum (values in cm~^) for poly(2-methyl-l,3-
phenyiene isophthalate) showed peaks at 1735 (C=0), 1490 (C=C aromatic), 1405
(C—H deformation), 1235 (C—O), 1080 (C—O—C). A similar infrared spectrum
was obtained for poly{2-methyl-l,3-phenylene terephthaiate).
Calorimetry. The glass transition temperatures (T ) were taken as the
O
intersection of extrapolation of the base line on the low’temperature side of the
transition and the maximum slope of the transition. The crystalline melting
temperatures (T^) were taken at the peak of the endotherms which correspond to
the temperatures at which the last traces of crystallinity in the polymer
disappeared completely.
Typical thermograms are shown in Figs. 2-10. The melting temperatures and
glass transition temperatures of the aliphatic and aromatic polyesters, and the
corresponding block copolymers are shown in Tables 2-6. Table 1 shows code
names and names for all polymers in this study.
V. (
Thermal Analysis Results for Aliphatic Polyesters
None of the aliphatic polyesters studied showed a glass transition tempera¬
ture, T . Poly(trans-l,4-cyclohexylene-trans-l,4-cyclohexanedioate), (III AL and
O
VII AL) did not show any glass transition above room temperature. The reason for
this could be attributed to a high degree of crystallinity of the polymer which
makes it difficult to detect its glass transition temperature.
16
Fig^. DSC thermograms of (a) I AR, (b) III AL and (c) III AR.
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Fig. 3. DSC thermograms of (a) IV AR, (b) VII AL and (c) VII AR
IS
Fig. DSC thermograms of (a) PEAR-1 and (b) PEAR-2
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Fig^ DSC thermograms of (a) NAL-II, (b) NAR-II, (c) NAL-I and (d) NAR-I.
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c
Fig. 6. DSC thermograms of (a) ALl I, (b) ARO I and(c) BLOCK 1.
21
fjg« 7. DSC thermograms of (a) I B and (b) II B,
22
Fig. 8. DSC thermograms of (a) III B and (b) IV B,
23
Fig^. DSC thermograms of (a) V B and (b) VII B,
24
Fig. IQ. DSC thermograms of (a) N 2 and (b) N 1
Table 2. Glass Transition Temperatures (T^) and Melting Temperatures (T^) of Aromatic Polyesters.
Polymer Code Name Tg/Oc T^/°C
Poiy(2-methyl-1,3-phenylene isophthalate) I AR 72 115 485 '
PEAR-2 75 180 —
Poly(l,4-phenylene terephtjj'alate) II AR — — —
V AR — — —
Po ly(methy1-pheny lene terephtha la te) III AR — — 500
Poly(2-methyl-l,3-phenylene terephthalate) IV AR m 300 —
VII AR — 297 480
PEAR-1 — 275 —
Table 3. Glass Transition Temperatures (T^) and Melting Temperatures of Aliphatic Polyesters.
Polymer Code Name ^m^^ ^d^^
Poly (trans-1,4-cyclohexylene-trans-l, 4-
cyclohexandioate) III AL _ _ 380
VII AL — — , 315
Table 4. Glass Transition., Temperature (T^) and Melting Temperatures (T^) of Aromatic Polyamides.
Polymer Code Name Tg/°C
Poly (1,3-phenylene isophthalamide)
•
ARO I — 413
Poly (4-methy1-1,3-phenylene terephthalamide) NAR II — 452
Poly( 1,4-phenylene terephthalamide) NAR I — —
Table 5. Glass Transition Temperatures (T^) and Melting Temperatures (T^) of Aliphatic Polyamides.
Polymer Code Name T^/^C T^/^C
▼T
Poly (trans-1,4-cyclohexy lene-trans-1,4- ,
cyclohexanedicarboxamide) ALl I — 388
\







Table 6. Decomposition Temperatures (T^) of Aromatic and Aliphatic Polyesters and Block Copoiyesters.
.Polymer Code Name T/C
* 1
Poly (2-methy1-1,3-phenylene isophthalate) I AR 485
Poly (cis-1,2-cyciohexylene-cis-l, 2-cyclohexanedioate-b-




1,4-phenylene terephthalate) 11 B 300,550
< *
Poiy(trans-l ,4-cyclohexylene-trans-l ,4-cyclohexanedioate) III AL 380
Poly(methyl-phenylene terephthalate) III AR 500
Poly (trans-1,4-cyciohexylene-trans-l, 4-cyclohexanedioate-
b-methylphenylene terephthalate) III B 375,500
Table 6. Continued.
Polymer Code Name T/C
Poly (cis, trans-1,4-cyclohexylene-trans-l, 4-cyclohexanedioate-




Poly (cis, trans-1,4-cyclohexylene-trans-l, 4-cyclohexanedioate-
b-1,4-pheny lene terephthalate) V B 350,575
\
Poly (trans-1,4-cyclohexylene-trans-l, 4-cyclohexanedioate) VII AL 315
Poly (2-methyl-l,3-phenylene terephthalate) VII AR 480
Poly (trans-1,4-cyclohexylene-trans-l, 4-cyclohexanedioate-b-
2-methy1-1,3-pheny lene terepthalate) VII B 360,465
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Poly(trans-l,4-cyclohexyIene-trans-l,4-cyclohexanedioate), (III AL and VII
AL) did not melt below its decomposition temperature. In some instances, the
onset of thermal decomposition corresponds to the melting point The
thermogravimetric analysis results showed a decomposition temperature for III AL
to be 380° (see Fig. 2b).
Thermal Analysis Results for Aromatic Polyesters
Poly(l,4-phenylene terephthalate), (II AR and V AR) did not show a glass
transition temperature as expected. This can be accounted for on the basis of
symmetry and regularity along the main chain. Poly(2-methyI-l,3-phenylene
terephthalate), (IV AR, VII AR, and PEAR-1) did not show a glass transition
temperature (Figs. 3a, 3c and ^a). The absence of a glass transition temperature
for poly(2-methyl-l,3-phenylene terephthalate) is contrary to expectation because
the linkages at positions 1 and 3 and the methyl group at position 2 should have
led to a low degree of crystallinity allowing the exhibition of a glass transition
temperature. Poly(2-methyl-l,3-phenylene isophthalate), (I AR and PEAR-2,)
showed glass transition temperatures at 72° and 75° respectively (Figs. 2a and 4b).
A crystalline melting transition was shown by poly(2-methyl-l,3-phenylene
terephthalate), (IV *AR,* VII AR, and PEAR-I)V TThe same polymer prepared at
different times showed different melting transitions; IV AR melted at 300° while
VII AR melted at 297° (Figs. 3a, c). PEAR-1 melted at 275° (Fig. 4a). This is not
surprising since the of oligomers are very sensitive to molecular weight.
Poly(l,4-phenylene terephthalate) decomposed before its melting temperature was
reached.
31
Thermal Analysis Results for Aliphatic Polyamides
Neither of the two preparations of poly(cis,trans-l,2-cyclohexylene-l,4-
dicarboxamide), NAL-1, and NAL-2, showed a glass transition temperature (T ).
S
The peak at a temperature of 152° is presumably due to loss of water (Figs. 5a, c).
However, the two preparations showed decomposition temperatures at 398° and
400° respectively (Figs. 5a, c).
Poly-(trans-l,4-cyclohexylene-trans-l,4-cyclohexanedicarboxamide), AL-1,
neither showed a glass transition temperature (T ) nor a crystalline melting
O
temperature (T^). Thermogravimetric analysis results for this polyamide showed
that it decomposed at a temperature of 388°. The peak at 143° is presumably due
to the loss of a water molecule.
Thermal Analysis Results for Aromatic Polyamides
Neither of the aromatic polyamides studied in this research showed a glass
transition temperature T . Poiy(l,3-phenylene isophthalamide), (ARO 0, did not
8
show a glass transition temperature. The peak appearing at a temperature of 185°
may be due to the loss of water (Fig. 6b).
The peak at 275°_-is an exotherthic peak, referred to as a cold crystallization
exotherm. It is a phenomenon that is sometimes observed on heating a polymer
below its melting point eind above the glass transition temperature. The
phenomenon has not yet been adequately explained even though it occurs in
commercially important materials such as poly(ethylene terephthalate) and
polyurethanes.
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Poly(4-methyl-l,3-phenylene terephthalamide), (NAR-2) showed a cold
crystallization exotherm at 348° (Fig. 5b).
A melting endotherm was obtained for poly(l,3-phenyiene isophthalate) at
413° (Fig. 6b). No melting endotherms were obtained for poiy(l,4-phenyiene
terephthalamide). The poly(4-methyl-l,3-phenylene terephthalamide) (Fig. 5b)
showed a melting transition at 452°.
Thermal Analysis Results for Block Copolyesters
Block copolymers may exhibit two crystalline melting transitions, one for
each type of chain segment, fii our study of block copolyesters and block
copolyamides, there was none from either class that showed multiple melting
transitions. Poly(cis-l,2-cyclohexylene-cis-l,2-cyclohexanedioate-b-2-methyl-
1,3-phenylene isophthalate), (I B) decomposed at 275° (Fig. 7a).
The poly(cis-l,2-cyclohexylene-cis-l,2-cyclohexanedioate-b-l,4-phenylene
terephthalate) (Fig. 7b) showed multiple decomposition peaks at 300° and 500° for
aliphatic and aromatic segments respectively. Poly(trans-l,4-cyclohexylene-
trans-l,4-cyclohexanedioate-b-methy'lphenylene terephthalate), III B, decomposed
at 375° for the aliphatic segment and 500° for the aromatic segment.
The decompositon temperatures for the block copolyesters are shown in
Table 6,
Thermal Analysis Results for Block Copolyamides
Poly(trans- 1,4 - cyclohexylene-trans-l,4-cyclohexanedicarboxamide-b-l,3-
phenylene isophthalamide). Block I, did not show a glass transition temperature. A
decomposition endotherm was, however, observed at 380° (Fig. 6c). None of the
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block copolyamides showed a glass transition temperature. The poly(cis,trans-l,2-
cyclohexylene-trans-l,4-cyclohexanedicarboxamide-b-l,4-phenylene terephthala-
mide), N I, decomposed at* 395° (Fig. 10b). Poly(cis-trans-l,2-cyclohexylene-
trans-l,4-cyclohexanedicarboxamide-b-4-methyl-l,3-phenylene terephthalamide)
did not exhibit a melting transition.
Liquid crystalline polymers display more than one melting transition on a
13
typical DSC Scan. For example, the DSC scan of the liquid crystal, 4-n-
octyloxphenyl-4-(4'-octoloxybenzyloxy) benzoate, PBOB, shows multiple melt
transitions in the range 84°-189°.^^ Such multiple transitions were not observed
in the polymers examined in this study. However, photomicrography showed that
a 25% solution of poly(cis,trans-l,4-cyclohexlene-trans-l,4-cyclohexanedioate-b-
2-methyl-l,3-phenylene terephthalate) (VII B) in o-chlorophenol was mesomorphic
(Fig. 1).
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